Meniscus fibrochondrocytes (MFCs) may be the optimal cell source to repair non-healing meniscus injuries using tissue engineering strategies. In this study, we investigated the effects of mitotic divisions and oxygen tension on the plasticity of adult human MFCs. Our assessment techniques included gene expression, biochemical, histological, and immunofluorescence assays. MFCs were expanded in monolayer culture with combined growth factors TGFβ1 and FGF-2 (T1F2) under normoxia (21% O 2 ). Trilineage (adipogenesis, chondrogenesis and osteogenesis) differentiation was performed under both normoxic (21% O 2 ) and hypoxic (3% O 2 ) conditions. The data demonstrated that MFCs with a mean total population doubling of 10 can undergo adipogenesis and chondrogenesis. This capability was enhanced under hypoxic conditions. The MFCs did not undergo osteogenesis. In conclusion, our findings suggest that extensively expanded human MFCs have the capacity to generate tissues with the functional matrix characteristics of avascular meniscus. To this end, expanded MFCs may be an ideal cell source for engineering functional constructs for the replacement or repair of avascular meniscus.
Musculoskeletal diseases including osteoarthritis (OA) comprise an increasing proportion of the global burden of disease; in 2015, they were estimated to account for 6.7% of the global disability-adjusted life years, making them the fourth greatest burden on the health of the world's population (third in developed countries) 1 . It is estimated that the cumulative economic burden of OA in Canada from 2010 to 2015 was $195 billion and annual costs are expected to rise in the future 2 . Symptomatic OA of the knee affects over 10% of adults over the age of 60 3 . Injury to the knee menisci is a significant risk factor in the development of knee OA 4 . The knee menisci are load-bearing fibrocartilages positioned between the articular surfaces of the femoral condyle and tibial plateau. The menisci are integral to joint homeostasis by decreasing contact stresses 5 , increasing stability 6 and aiding joint lubrication 7 . These complex functions are facilitated by the extracellular matrix (ECM), which is produced and maintained by a heterogenous population of cells in the menisci, the predominance of which are referred to as meniscus fibrochondrocytes (MFCs) 8 . This family of ECM molecules include an abundance of type I collagen throughout the meniscus, with substantial amounts of type II collagen and aggrecan in the avascular region [9] [10] [11] . The inner two-thirds of meniscus are colloquially termed the "white zone" because that area is avascular, receiving nutrients mainly by diffusion 12, 13 . The avascular nature of this region combined with the severe loading within the knee joint inhibits its ability to repair. Current treatments for damaged avascular menisci have poor long-term outcomes with limited reduction in the incidence of OA progression 14 . Due to the unsatisfactory outcomes of current treatments, cell-based tissue engineering (TE) strategies have been an area of interest for meniscus repair or replacement 15 . Meniscus TE aims to recreate meniscus-like tissue to replace damaged tissues after injury and restore normal function. Cell source is an important consideration for meniscus TE. The cell sources may include MFCs, articular chondrocytes, and precursor cells such as 1 . MFCs were also demonstrated to have less tendency to form bone precursors through hypertrophic differentiation in vitro 22 and calcify in vivo 24 . However, acquiring sufficient numbers of MFCs from surgically removed tissues to develop a TE meniscus replacement remains a major challenge. MFCs reside in a dense ECM in situ and account for only about 0.1-0.12% of the wet weight of normal meniscus 25 . Limited cell numbers are available to be isolated from meniscus tissue after partial meniscectomy, necessitating in vitro monolayer cell expansion 26 . However, MFCs were found to dedifferentiate and lose their matrix-forming phenotype after serial cell passaging [26] [27] [28] [29] . Increased population doublings (PD) of MFCs resulted in significant downregulation of mRNA expression levels of type II collagen and aggrecan, with an increased gene expression of type I collagen 27, 28 . Expanded MFCs were also shown to display trilineage differentiation plasticity 21 . The combination of transforming growth factor β1 (TGFβ1) and fibroblast growth factor-2 (FGF-2) for cell expansion has been shown to promote proliferation rates of periosteal cells 30 and human articular chondrocytes 31, 32 . Furthermore, after expansion in TGFβ1 and FGF-2 both periosteal cells and articular chondrocytes demonstrated enhanced chondrogenic differentiation and restoration of the matrix-forming capacity, respectively. Moreover, oxygen tension was shown to improve matrix-forming phenotype of expanded MFCs especially after expansion with FGF-2 33 . Our previous work 34 has shown that the hypoxia (5% O 2 ) could also be beneficial for MFC proliferation and upregulation of the expression of collagen II and aggrecan in expanded MFCs with the use of FGF-2. However, little is known about the effect of combined TGFβ1 and FGF-2 (T1F2) on MFC proliferation and subsequent redifferentiation capacity under different oxygen tensions.
To this end, our objectives were to characterize the maximal population doublings (PD) for T1F2-expanded MFCs while retaining their functional matrix-forming capacity. The effect of oxygen tension (normoxia 21% O 2 , hypoxia 3% O 2 ) on chondrogenic differentiation and matrix-forming phenotype of T1F2-expanded MFCs was also tested. We also characterized the adipogenic and osteogenic differentiation potential of these T1F2-expanded MFCs.
Results
Cell yield and expansion. Meniscus tissues were obtained from 6 male donors (age: 20-37 years) undergoing partial meniscectomy for acute traumatic injury. Mean wet weight (±SD) of the meniscus tissue pre-digestion was 2.70 ± 0.87 g and mean viable cell yield (±SD) after 48 hours of post collagenase isolation culture was 3.14 ± 1.46 million cells/g of wet meniscus tissue. Isolated MFCs were cultured in monolayer with T1F2 under normal oxygen tension (21% O 2 ). The cell morphologies were elongated fibroblast-like and small round-shaped chondrocyte-like during these 48 hours. After one week of monolayer culture with T1F2, the morphology of the cells became universally elongated and spindle-like. Mean population doublings (PD) per day (±SD) was 0.49 ± 0.07 at P1, 0.42 ± 0.04 at P2, 0.49 ± 0.06 at P3, decreasing to 0.32 ± 0.04 at P4. While P1-P3 were not significantly different from each other, P4 was significantly lower than each of the previous three passages (P1-P3 vs. P4 all p < 0.05) (Fig. 1A) . The mean cumulative PD in monolayer culture (±SD) increased from 2.91 ± 0.41 at P1, 6.30 ± 0.57 at P2, 9.76 ± 0.96 at P3, and 12.89 ± 0.81 at P4 (Fig. 1B) .
Wet weights.
At the end of each passage, 5 × 10 5 MFCs were centrifuged into pellets for culture in a defined serum-free chondrogenic media containing TGFβ3. After 21 days of culture in normoxia (NRX, 21% O 2 ) and hypoxia (HYP, 3% O 2 ), wet weights of pellets were recorded as an indicator of ECM production (Fig. 1C) . HYP resulted in increased wet weights when compared to NRX within each passage. While this difference was Significance between P1-P3 and P4 in NRX (p < 0.05). P: passage; (B) Cumulative population doublings at each passage during expansion of MFCs (n = 6). (C) Wet weights of pellets derived from T1F2-expanded MFCs of four passages after 21 days chondrogenic stimulation under normoxia or hypoxia (HYP) (n = 6). Statistical analysis is presented as: § significance between P1/P2 and P3 in NRX, ε significance between P1/P2 and P3 in HYP, * significance between NRX and HYP within the same passage (p < 0.05). Data all presented as mean ± standard deviation. not significant in P1 (p = 0.145), it increased and became significant in P2 (p = 0.009), P3 (p = 0.006) and P4 (p = 0.037). The effect of passaging on wet weight was variable. A significant decrease was observed between P1 and P3 or P2 and P3 in both NRX and HYP (p < 0.05). However, this difference was not significant between P1 and P4 or P2 and P4 for both conditions (p > 0.05). There was a moderate-to-weak, but significant negative correlation (HYP: R 2 = 0.34, adjusted p < 0.05, NRX: R 2 = 0.26, adjusted p < 0.05) between wet weight and donor age when all passages were grouped. Interestingly, the correlation between age and wet weight when each passage was analyzed separately was stronger but not significant as passage increased for both HYP and NRX (i.e. HYP, P1: R 2 = 0.20, P2: R 2 = 0.35, P3: R 2 = 0.56, P4: R 2 = 0.69) (not shown).
Biochemical analysis. Biochemical analysis was performed to assess the glycosaminoglycan (GAG) and DNA contents in pellets after 21 days of culture in chondrogenic medium under NRX and HYP. GAG content was dramatically higher in P1 relative to subsequent passages in both oxygen tensions ( Fig. 2A) . It decreased significantly between P1 and P2-P4; with GAG content at P1 approximately double that of P2 (p = 0.004 NRX, p = 0.013 HYP) and highly significant when compared to P3 and P4 (all p < 0.001). A significant decrease was also observed between P2 and P4 in HYP only (p = 0.04). No other significant differences were observed in GAG content between passages. When GAG content was normalized to cellular DNA content (GAG/DNA), it followed the same trend (Fig. 2C) . GAG/DNA decreased significantly between P1 and P2-P4 in both oxygen tensions; P1 was almost double when compared to P2 (p < 0.001 NRX, p = 0.0001 HYP), P3 (p = 0.001 NRX, p < 0.001 HYP) and P4 (NRX/HYP, all p < 0.001). There were no significant differences in GAG/DNA between P2-P4 under both oxygen tensions. Although there was a significant difference in DNA content in P2 compared to P4 in HYP, no other significant differences were found in DNA content within passages between oxygen tensions or between passages (Fig. 2B) . No significant differences were found in GAG content or GAG/DNA between oxygen tensions within the same passage ( Fig. 2A,C) .
Safranin-O Staining. After 21 days of culture in chondrogenic media, pellets from 4 passages were embedded, cut and stained with Safranin-O for proteoglycan deposition (pink/red staining). One representative donor (male, age 20) is presented in figures below. In both oxygen tensions, Safranin-O positive proteoglycan (pink staining) was most intense in P1, sharply decreasing in P2, and gradually decreasing to faint staining in P4. Chondrocyte-like (i.e. rounded) cells were in the lacunae-like structures in P1, but became progressively interspersed with fibroblast-like (i.e. elongated) cells from P2-P4 with loss of lacunae (Fig. 3) . Within P1 and P2, no qualitative differences were observed between oxygen tensions (Fig. 3A ,B vs E,F). However, it appears HYP resulted in qualitatively more Safranin-O staining in P3 and P4 (Fig. 3G,H vs C,D) . More chondrocyte-like cells in P3 were observed in HYP compared to NRX. Additionally, although pellets were cut to approximately the same depths, pellet diameter was qualitatively larger in HYP compared to NRX within the same passage, which is consistent with the differences in wet weights between oxygen tensions ( Figs 1C & 3) . Although proteoglycan production in HYP appeared to be retained in P3-P4 as compared to NRX qualitatively (pink staining under Safranin-O), quantitative analysis did not show significant differences to support this observation (Total GAG and GAG/DNA; Figs 2A,C vs. 3).
Immunofluorescence. Indirect immunofluorescence was performed to detect cells (DAPI), extracellular matrix components using primary antibodies to collagen I and collagen II (Fig. 4) and the hypertrophic chondrogenic differentiation marker, collagen X (Fig. 5) . Chondrogenically differentiated pellets (2.5 × 10 5 ) of human bone marrow derived-mesenchymal stem cells (hBM-MSCs) under NRX served as a positive control for collagen X. Qualitatively, MFCs visualized via DAPI were evenly distributed throughout the pellets across all passages under both oxygen tensions. Collagen I was homogeneously distributed across passages. In contrast, collagen II immunofluorescence was most intense in P1 and then decreased in P2 in both oxygen tensions. Type II collagen immunofluorescence was only positive in HYP at P3 with ~10PDs but negative at P4 with ~13PDs with negligible presence in P3-P4 in both oxygen tensions. Collagen II immunofluorescence results corresponded well with Safranin-O staining for proteoglycan content. Negligible deposition of collagen X was observed by Gene expression analysis. Chondrogenesis. To further characterize the ECM generated in pellets, gene expression was assessed by qRT-PCR after 21 days of chondrogenic culture under NRX or HYP. Additionally, similar gene expression analysis was conducted for monolayer cultured MFCs prior to centrifugation into pellets. The mean relative gene expression levels of aggrecan (ACAN), collagen I (COL1A2), collagen II (COL2A1), collagen X (COL10A1) and SOX9 is presented in Fig. 6 . In monolayer cultured MFCs with T1F2 ( Fig. 6A) , the overall trend for ACAN and COL1A2 tended to decrease after P2 and COL2A1 seemed to decrease from P1. The increased PD had no significant effects on gene expression levels of ACAN, COL1A2, COL2A1 and SOX9. The relative gene expression level of COL10A1 had a significant decrease in monolayer cultured MFCs from P1 to P3 (p = 0.009) and P1 to P4 (p = 0.014) although the relative levels were low.
In pellets (Fig. 6B ), the relative gene expression level of COL1A2 was not affected by increased PD or different oxygen tensions, which remained stable with no significant changes. Although relative gene expression levels of ACAN, COL2A1 and COL10A1 in pellets tended to decrease over passages, this change was not significant from P1-P2 in either oxygen tension. ACAN decreased significantly after serial passaging in HYP (P1 to P3 p = 0.008, P1 to P4 p = 0.02; P2 to P3 p = 0.046) while no significant changes were observed in NRX. COL2A1 decreased significantly in pellets after serial passaging in both oxygen tensions (P1 to P3 and P1 to P4; P2 to P3 and P2 to P4, all p < 0.05). Gene expression levels of SOX9 followed the same decreasing trend as COL2A1, but no significant difference was found between different passages. Gene expression levels of the hypertrophic marker COL10A1 in pellets decreased significantly after serial passaging in both oxygen tensions (P1 to P4, p = 0.048 NRX/p = 0.001 HYP) with low relative expression levels.
Within the same passage, HYP tended to stimulate higher relative gene expression levels of ACAN, COL1A2, COL2A1 and SOX9 in pellets when compared to NRX (Fig. 6B ). However, this trend was not significantly different in relative gene expression level of COL1A2. The relative gene expression level of ACAN was significantly higher in HYP than NRX of P2 (3.31-fold, p = 0.018) and P4 (3.07-fold, p = 0.01) while HYP stimulated a higher relative gene expression level of COL2A1 in P1 (4.03-fold, approaching significance: p = 0.07), P2 (6.17-fold, p = 0.029) and P4 (8.91 fold: p = 0.085). The only significantly higher relative gene expression level for SOX9 was found in P2 in HYP compared to NRX (2.60 fold, p = 0.014). In contrast, NRX tended to upregulate the relative gene expression level of COL10A1 compared to HYP except for P2. It was 1.68-fold higher in P3 (approaching significance: p = 0.067) and 3.68-fold in P4 (p = 0.032) in NRX compared to HYP.
Adipogenic and osteogenic differentiation (gene expression and histological) analysis.
To further characterize the adipogenic and osteogenic capacity of T1F2-expanded MFC, the fold changes of relative gene expression levels in adipogenic and osteogenic groups were compared against control groups (without adipogenic and osteogenic induction media) within the same oxygen tension and passage, e.g. P1 (NRX) induction vs P1 (NRX) control (Fig. 7A) . For adipogenic differentiation, the relative gene expression levels of lipoprotein lipase (LPL) and peroxisome proliferator-activated receptor gamma (PPAR γ ) were upregulated compared to control cells without induction (i.e. fold change > 1) (Fig. 7A) . Within passages, the relative gene expression levels tended to be higher in MFCs cultured under HYP for LPL and PPAR γ , corresponding with histological findings (not shown). In P2, the fold changes of gene expression levels of LPL were significantly higher in HYP compared to NRX (p = 0.035), while the fold changes of relative gene expression levels of PPAR γ were significantly higher in P2 (p = 0.047) significance between P2 and P3/P4 in both oxygen tensions, η significance between P1 and P4 in both oxygen tensions, *significance between oxygen tensions within the same passage (p < 0.05). Data all presented as mean ± standard deviation.
under HYP and P3 (p = 0.0026) under NRX. The fold change of relative gene expression levels appeared to be highest in T1F2-expanded MFCs from P1 in both oxygen tensions which is consistent with the Oil Red O staining. No significant difference was found in fold change of relative gene expression levels of LPL between passages while in PPAR γ , it was significantly higher in P1 compared to P2 (NRX, p = 0.003) and P1 compared to P3 (HYP, p = 0.002).
For osteogenic differentiation, the relative gene expression levels of the osteogenic markers, runt-related transcription factor 2 (RUNX2) and osteocalcin (OCN) were not upregulated compared to control cells without induction (i.e. fold change < 1). However, the relative gene expression levels of alkaline phosphatase (ALPL) were upregulated for all passages and oxygen conditions compared to control cells (i.e. fold change > 1). Significant differences were only found between NRX and HYP in P3 (p < 0.05) for ALPL. These gene expression results are consistent with the histological findings that showed no positive staining of Alizarin Red S in osteogenically induced T1F2-expanded MFCs.
T1F2-expanded MFCs from P1, P2 and P3 underwent adipogenic and osteogenic culture for 23 days and 21 days, respectively under HYP and NRX. The same representative donor as above (male, age 20) is presented in Figure 7B . Oil Red O and Alizarin Red S staining were performed to assess the formation of lipid droplets and bone matrix. All 3 passages stained positively with Oil Red O indicating adipogenic induction (Fig. 7B) . In both oxygen tensions, the number of lipid droplets seemed to be highest in P1. In P1, HYP induced more lipid droplet formation than NRX, and this trend continued in P2-P3. While lipid droplets sharply decreased after P1 in NRX, HYP retained some adipogenic differentiation capacity of T1F2-expanded MFCs. In contrast to chondrogenic and adipogenic differentiation, no Alizarin Red S staining was observed in all three passages (Fig. 7B ).
Discussion
In cell-based meniscus tissue engineering strategies, a major challenge is the low cell yield from typical partial meniscectomy biopsies. When expanded during monolayer culture to increase cell numbers, the matrix-forming capacity of MFCs has been shown to decrease significantly from primary MFCs 27,29 with a morphology change to fibroblast-like cells, a process referred to as dedifferentiation 26 . The primary goals of this study were to: 1) investigate the proliferation rates and subsequent chondrogenic differentiation of TGFβ1 and FGF-2 (T1F2)-expanded MFCs under normal oxygen (21% O 2 ) or low oxygen tension (3%); 2) identify the number of population doublings (PD) these cells can undergo while still maintaining the capacity to form meniscus-like extracellular matrix; 3) to characterize the plasticity of these cells in terms of multilineage differentiation in chondrogenesis, adipogenesis and osteogenesis. Growth factor supplementation during monolayer cell expansion has a profound effect on matrix-forming phenotype of expanded cells from a variety of sources 16, 34 . The capacity of FGF-2 to enhance MSC 35, 36 and articular chondrocyte 37, 38 proliferation rates and subsequent chondrogenic differentiation has been well demonstrated. FGF-2 can also upregulate the synthesis of collagen II and aggrecan in MFCs from osteoarthritic human knee joints 34 . Another important growth factor, TGFβ1, can also enhance the proliferation of articular chondrocytes 39 and periosteal cells 30 . When TGFβ1 and FGF-2 were used in combination, they had a synergistic effect on both proliferation and chondrogenic differentiation of chondrocytes in human articular cartilage explants 32 . However, when these two growth factors were combined with PDGF-BB during monolayer expansion of MFCs, proliferation rates increased but without any beneficial effects on matrix production 16 . Here, we examined the effect of T1F2 on proliferation and restoration of chondrogenic re-differentiation capacity of MFCs. MFCs proliferated well in T1F2 supplemented medium; 7.5 ± 1.3 days were required for the MFCs to reach 80-85% confluence in monolayer culture. PD per day was similar in P1, P2 and P3 and then decreased significantly at P4 (Fig. 1A) . When compared to our previous study, MFCs in P4 divided faster in T1F2 medium than in control-expanded MFCs without growth factors (0.32 ± 0.04 vs. 0.14 ± 0.03 doublings/day) or FGF-2-expanded MFCs (0.22 ± 0.04 doublings/day) in P1 34 . Contrary to previous studies [27] [28] [29] , gene expression of ECM molecules were not statistically different between passages to approximately 13 populations doublings in monolayer cultured cells (Fig. 6A) : no significant decreases of collagen II and aggrecan or increase of collagen I gene expression in monolayer cultured cells were observed. While this result suggests that T1F2 may maintain the gene expression profile of normal human MFCs in monolayer expansion, the gene expression profile of aggrecan and type II collagen suggests a decline albeit not statistically significant. Other possible explanations for this unexpected finding may be differences in sources of MFCs and expansion conditions compared to published literature. For example, MFCs were isolated from young bovine (1-2 weeks) meniscus 27, 29 and human meniscus (54-79 years) 28 obtained from osteoarthritic knee joints with either no growth factors or FGF-2 alone added to the expansion medium.
During chondrogenic stimulation, T1F2-expanded MFCs showed a chondrogenic response in the pellet model when compared to monolayer MFCs regardless of the PD (Fig. 6) . The response was much greater in P1 MFCs with a PD of 2.9 ± 0.4. We observed that T1F2-expanded MFCs in P1 expressed a superior functional matrix-forming phenotype than those with a higher PD in both normoxic and hypoxic conditions. Biochemical analysis showed that total GAG content and GAG content normalized to DNA was approximately two times higher in P1 pellets than pellets with PD range of 6.3 ± 0.6 (P2) to 12.9 ± 0.8 (P4) (Fig. 2A,C) . These results were consistent with Jakob et al. who found that T1F2-expanded articular chondrocytes regained their chondrocytic phenotype under proper stimulation 32 . Further, Safranin-O staining for proteoglycan deposition verified the dramatic decrease in chondrogenic capacity from P1 to P2 (Fig. 3) . Interestingly, relative gene expression levels of chondrogenic markers aggrecan and collagen II in pellets showed no significant decreases from P1 to P2 (Fig. 6B) , but immunofluorescence analysis for collagen II deposition revealed a substantial qualitative decrease from P1 to P2 (Fig. 4) . This may be due to the relatively late time-point selected for the gene expression analysis (21 days of chondrogenic differentiation). A time course study investigating gene expression and matrix changes during chondrogenic differentiation of the T1F2-expanded MFCs could be performed in the future to optimize culture times. In contrast, T1F2-expanded MFCs from P3 (9.8 ± 1 PD) and P4 (12.9 ± 0.8 PD) showed qualitative differences in the deposition of collagen I between oxygen tensions. Hypoxia cultured T1F2 expanded MFCs were positive for type II collagen, albeit with reduced intensity. Normoxia cultured T1F2 expanded MFCs were negative for type II collagen. These findings are consistent with the Safranin-O staining intensity in P3 and P4. This indicates that T1F2-expanded MFCs with ~10 PDs may be appropriate for tissue engineering of the avascular inner meniscus which exists in a more hypoxic microenvironment than its vascularized outer counterpart. To date, no studies have assessed the effect of oxygen tension on matrix-forming capacity of T1F2-expanded MFCs derived from normal human menisci. Oxygen tension in the knee joint is hypoxic 40, 41 ; thus, several studies have investigated the effect of oxygen tension on chondrogenic differentiation of expanded MFCs. Adesida et al. showed that hypoxic conditions (5% O 2 ) enhanced matrix-forming capacity of MFCs from OA knee joints 34 and several others have demonstrated the positive effects of low oxygen tension on chondrogenic differentiation of BM-MSCs 42, 43 . In our study, HYP (3% O 2 ) enhanced the expression of aggrecan (ACAN) and collagen II (COL2A1) when compared to NRX (21% O 2 ) in T1F2-expanded MFCs derived from non-arthritic knee joints (Fig. 6B) . HYP culture stimulated a more intense Safranin-O staining in P3 and P4 (Fig. 3) . This finding was consistent with the wet weight results (Fig. 1C) , albeit with no significant difference in total GAG contents relative to NRX cultured pellets ( Fig. 2A) . It is probable that the total collagen content of the pellets differs between NRX and HYP; HYP has been reported to increase collagen content 44 and collagen has been reported to hold water 45 . Taken together, chondrogenic culture under hypoxic conditions resulted in a more robust chondrogenic differentiation of T1F2-expanded MFCs, which may improve their clinical applicability for avascular meniscus tissue engineering.
In our study, adipogenic differentiation of human T1F2-expanded MFCs was observed under both hypoxic and normoxic conditions (Fig. 7B ). T1F2-expanded MFCs derived from P1 exhibited superior adipogenic capacity under hypoxic conditions. Increased PD resulted in decreased staining for lipid droplets in both oxygen tensions, and adipogenic differentiation was benefited by hypoxic conditions in all three passages. In contrast, no osteogenesis was induced under either oxygen tension, demonstrated by the absence of Alizarin Red staining for deposition of calcium (Fig. 7B) . This was consistent with Mauck et al. who demonstrated minimal deposition of bone matrix in bovine MFCs from the inner region of the meniscus. However, that study did demonstrate substantial osteogenic differentiation in cells obtained from the outer portion of the meniscus tissue 46 . Since the meniscus tissues in our study were obtained from partial meniscectomy, most of the tissues are likely to be from the inner, avascular region of meniscus. Gross observation of the meniscus tissues obtained also suggested that they were removed from the inner meniscus. The outer meniscus regions possess a spontaneous healing capacity, which may not only be due to sufficient blood supply but due to the presence of perivascular derived stem cells 47 . The absence of osteogenesis in our study may also be related to MFC phenotype after expansion in T1F2. Previous studies have shown that expanded MFCs from the whole meniscus of humans 22, 48 or animals 21, 49, 50 have similar surface markers to MSCs and have multipotent differentiation capacity, including osteogenesis. However, the cells from those studies were expanded without growth factor supplementation which may have been a factor in the lack of osteogenesis observed in our study. Moreover, it is well known that the meniscus contains a heterogeneous cell population, which varies from inner to outer regions 8, 51 , and by using the whole tissue the population of cells would be quite different. Recently, however, Fu et al. have shown that expanded human MFCs from the inner region did exhibit osteogenic differentiation, but again no growth factors were used during cell expansion 52 . This identifies that the use of T1F2 in inner meniscus cells may inhibit their capacity to undergo osteogenic differentiation but this requires further examination to gain mechanistic insight. Collagen X (COL10A1) is a marker of hypertrophic differentiation of MSCs and has been correlated with bone formation after chondrogenic stimulation both in vitro and in vivo 24 . It was notable that negligible deposition of collagen X was observed in all pellets from T1F2-expanded human MFCs when compared to human BM-MSCs (Fig. 5 ). This lack of collagen X supports the findings of limited osteogenic potential in these expanded MFCs. Low relative gene expression levels of collagen X were demonstrated in pellets derived from T1F2-expanded MFCs and no significant differences were found between oxygen tensions (Fig. 6B) . This is in contrast to other studies which have shown that hypoxic conditions can suppress hypertrophic differentiation of MSCs 43, 53 . These results suggest that the T1F2-expanded MFCs may be a promising cell source for meniscus repair with a potentially stable chondrocytic phenotype without the tendency of hypertrophic differentiation in vitro. While a study comparing cell sources using matched donors may be of interest in determining their relative advantages for meniscus repair, the difficulty in obtaining multiple tissues from healthy donors for this purpose may be prohibitive. Further study will be required to investigate the phenotypic stability of T1F2-expanded MFCs in vivo to ensure they do not undergo hypertrophic differentiation and calcification, as well as adipogenesis.
To determine the cell density of surgically-removed meniscus tissue, viable primary cell yield per gram wet weight of meniscus tissue was calculated. MFC physiology changes in meniscus tissue in osteoarthritic knee joints 54 . For this reason, tissues in this study were obtained only from partial meniscectomy patients suffering from acute injuries to limit the effects of chronic injury on cell biology. A limitation of this study was that we did not have detailed information regarding the severity of damage to donor tissues and the precise portion of the meniscus they were taken from. However, in general partial meniscectomy removes the irreparable inner avascular regions, which would have influenced the phenotypes of the initial cell population. Donor age is another variable which has been demonstrated to be relevant for cell yield from articular cartilage 55 . In this study, we did not find significant age effects on cell yield; however, it should be noted that all donors were relatively young (20-37) and otherwise healthy. As a future study, it may be of interest to compare the cell yield and tissue quality formed by MFCs derived from patients from a wider age range. The average cell yield per gram of meniscus tissue , and the potentially optimal cell seeding density of a scaffold for meniscus tissue engineering is 5 × 10 6 cm 3 57 , a total of 22.5-25 million cells would be required to generate an entire human medial or lateral meniscus. Damaged meniscus tissue could be partially removed arthroscopically and used to isolate autologous MFCs. These could be expanded with T1F2 and seeded on scaffolds that mimic the natural meniscus environment. In vitro strategies to recapitulate the different regions of the meniscus could then be employed, such as using growth factor-releasing scaffolds 58 and mechanical conditioning under hypoxia to generate tissue with meniscus-like composition and mechanical properties before implantation. We note that substantial work is needed to ensure the new tissues restore normal meniscus function in protecting the articular cartilage to prevent early onset osteoarthritis in vivo. In our study, T1F2-expanded MFCs with approximately 3.3 PD retained the best matrix-forming capacity without hypertrophic differentiation. After 3 PD, i.e. 8× the mean number of primary MFCs (3.14 ± 1.46 million/g) in monolayer expansion, approximately 25 million MFCs can be obtained from 1 g of meniscus tissue. If a meniscus biopsy has an insufficient cell yield and higher numbers of MFCs are needed, expansion can be continued to P2 (PD: ~7, i.e. 128x the number of primary MFCs) while retaining the capacity for proteoglycan and collagen II production, albeit in reduced quantities relative to P1. This may be clinically relevant for meniscus repair for older patients or particularly small meniscus biopsies less than 1 g.
Conclusion
In this study, we have characterized the proliferation rates and chondrogenic capacity of TGFβ1 and FGF-2 (T1F2)-expanded meniscus fibrochondrocytes (MFCs) under normoxic and hypoxic conditions. We found that MFCs expanded up to 10 doublings have the capacity to express the extracellular matrix (ECM)-forming phenotype especially under hypoxic conditions which is consistent with their natural microenvironment with the knee joint 41 . MFCs in the range of 2.9 + 0.4 PDs synthesized the most glycosaminoglycans and the highest Safranin-O positive ECM. For the first time, we demonstrated that the T1F2 expansion strategy may produce enough cells possessing an ECM-forming phenotype to repair a meniscus defect from a small tissue biopsy within a relatively brief period of time based on the human meniscus volume and the optimal seeding density for a type I collagen scaffold. Hypoxia was shown to be advantageous for chondrogenic culture, resulting in improved ECM quality and relevant gene expression profiles of MFCs at low PDs. Furthermore, we have demonstrated that hypertrophic and osteogenic tendencies are virtually absent for MFCs expanded with T1F2, although they show adipogenic capacity. Overall, this highlights the potential use of T1F2-expanded MFCs from the inner meniscus in combination with hypoxic culture conditions to produce robust tissue engineered meniscus-like ECM. Further investigation will be required to evaluate the phenotypic stability of this cell source in vivo and to build grafts of clinically-relevant size on three dimensional scaffolds.
Methods
Ethics Statement. Experimental methods and tissue collection were with the approval of and in accordance the University of Alberta's Health Research Ethics Board-Biomedical Panel (Study ID: Pro00018778). Ethics Board waived the need for written informed consent of patients, as specimens used in the study were intended for discard in the normal course of the surgical procedure. Extensive precautions were taken to preserve the privacy of the participants donating specimens.
Isolation and expansion of human meniscus fibrochondrocytes (MFCs).
Fresh meniscus specimens were obtained from six male patients undergoing partial meniscectomy for acute traumatic injuries (ages 20-37, mean age 28 ± 6 years). Wet weights of meniscus tissue were recorded before collagenase mediated digestion for MFC isolation. MFCs were released via treatment with trypsin-EDTA (0.05% w/v; Corning, Mediatech Inc. VA, USA) at 37 °C for 1 hour followed by 22 hours at 37 °C in type II collagenase (0.15% w/v; 300 U/mg solid; Worthington, NJ, USA) in a high glucose Dulbecco's modified Eagle's medium (DMEM; 4.5 mg/mL D-Glucose) supplemented with 5% v/v fetal bovine serum (FBS) (all from Sigma-Aldrich Co., MO, USA). The cell suspension obtained after digestion was passed through a 100 µm nylon-mesh filter (Falcon, BD Bioscience, NJ, USA). Isolated cells were plated at 10 4 cells/cm 2 and cultured in a standard medium: high glucose DMEM supplemented with 10% FBS (Sigma-Aldrich), 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine, and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Sigma-Aldrich) (all others from Life Technologies, ON, Canada) for 48 hours under normal oxygen tension (~21% O 2 ; 5% CO 2 /95% air) at 37 °C in a humidified incubator. After 48 hours (passage 0), non-adherent cells were aspirated and adherent primary cells were detached with trypsin-EDTA (0.05% w/v). Thereafter the number of viable MFCs were counted using a haemacytometer after trypan blue staining. MFCs were plated at 10 4 cells/cm 2 and cultured in the standard medium described above supplemented with FGF-2 (5 ng/mL; Neuromics, MN, USA, Catalog#: PR80001) and TGFβ1 (1 ng/mL; ProSpec, NJ, USA, Catalog#: cyt-716) under normal oxygen tension (21% O 2 ) at 37 °C in a humidified incubator, as previously described 33, 34 . When cells were 80-85% confluent, first-passage (P1) cells were detached with trypsin-EDTA and culture was continued at 10 4 cells/cm 2 to produce second passage (P2), third passage (P3) and fourth passage (P4) cells. MFCs at the end of each passage were counted and population doublings during exponential growth phase were calculated as log 2 (N/N 0 ), where N 0 is the number of cells plated at the beginning of a passage and N is the number of cells counted at the end of a passage 59 .
Mitotic effects on MFC chondrogenic differentiation potential. Chondrogenic differentiation was
performed by using a three-dimensional cell pellet culture model. At the end of each passage, 5 × 10 5 of MFCs were centrifuged at 1500 rpm for 5 minutes to make pellets in 1.5 mL sterile conical microtubes with removable screw-type lids (Bio Basic Inc, Ontario, Canada). For each condition (i.e. for each passage, oxygen tension, and donor) six identical pellets were set up to provide two technical replicates for biochemical, histological and gene expression analysis. The pellets were then cultured in 0.5 mL of serum-free chondrogenic medium consisting of high glucose DMEM (Sigma-Aldrich) containing 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine, 10 mM HEPES (Sigma-Aldrich) (all others from Life Technologies), ITS + 1 premix (Corning, Discovery Labware, Inc., MA, USA), 10 ng/mL transforming growth factor β3 (TGFβ3; ProSpec, NJ, USA, Catalog#: cyt-113), 100 nM dexamethasone, 365 μg/mL ascorbic acid 2-phosphate, 125 µg/mL human serum albumin and 40 μg/mL L-proline (all from Sigma-Aldrich) under normal oxygen (NRX; 21% O 2 ) or low oxygen tension (HYP; 3%) at 37 °C in a humidified incubator with 5% CO 2 for 21 days, as previously described 53, 60 . Conical microtube lids were loosened to allow gas exchange during culture. At the same time, 5 × 10 5 cells were suspended in 1 mL of Trizol (Life Technologies) as a control for monolayer culture gene expression. Medium changes were performed twice per week in a normoxic environment and the pellets cultured in hypoxic conditions thus had a brief exposure to normoxic conditions (<5 minutes per media change). At the end of each culture stage, the wet weights of cell pellets were recorded and the pellets were assessed biochemically for glycosaminoglycan (GAG) and DNA content, histologically and immunofluorescence for cartilage-specific matrix proteins and by real time quantitative reverse transcription polymerase chain reaction (qRT-PCR) for gene expression analysis.
Mitotic effects on MFC adipogenic differentiation potential. At the end of P1, P2, and P3, adipogenesis was performed by plating 5 × 10 3 MFCs/cm 2 from 4 donors in a six-well plate (Falcon, BD, NJ, USA) as previously described 60 , with three technical replicates for the induction group for each condition. Initially, MFCs were cultured in 3 mL of the standard medium supplemented with FGF-2 (5 ng/mL) and TGFβ1 (1 ng/mL) until confluent in each well under NRX. Adipogenesis was then induced in hypoxic or normoxic conditions for three days by adding 3 mL of the standard medium supplemented with 1 μM dexamethasone, 0.5 mL ITS + 1, 100 μM indomethacin, and 500 μM isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich) and then by culturing the cells in 3 mL of the standard medium supplemented with 0.5 mL ITS + 1 for one day. This induction-culture cycle was repeated four times. Then, cells were cultured in 3 mL of the standard medium supplemented with 0.5 mL of ITS + 1 only for another 7 days. At the end of 23 days' culture, the culture medium was removed and cells were collected by adding 1 mL of Trizol per well followed by total RNA extraction for gene expression by qRT-PCR analysis or fixed with 2 mL of 10% w/v buffered formalin (Anachemia Canada Co, QC, Canada) for 3 minutes, then stained with 3 mL of 0.3% w/v Oil Red O (Sigma-Aldrich) per well for 1 hour at room temperature. After Oil Red O was removed and the cells were washed with distilled water three times, the staining was examined immediately by taking pictures using an Eclipse Ti-S microscope (Nikon Canada, ON, Canada).
Mitotic effects on MFC osteogenic differentiation potential. At the end of P1, P2, and P3, osteogenesis was performed by plating 5 × 10 3 MFCs/cm 2 from 4 donors in a six-well plate (Falcon, BD, NJ, USA) as previously described 60 , with three technical replicates for the induction group for each condition. Briefly, MFCs were cultured in 3 mL of osteogenic medium consisting of the standard medium supplemented with 100 μM ascorbic acid 2-phosphate, 10 nM dexamethasone, and 10 mM beta (β)-glycerophosphate (all from Sigma-Aldrich) for 21 days with medium changed twice per week. After 21 days' culture, culture medium was removed and cells were collected by adding 1 mL of Trizol per well, followed by total RNA extraction for gene expression by qRT-PCR analysis or fixed with 2 mL of 10% w/v buffered formalin for 10 minutes and stained with 1 mL of 1% w/v Alizarin Red S (Sigma Aldrich) (pH = 4.2) for 30 minutes at room temperature followed by washing with distilled water for 1 hour on an orbital shaker. The staining was examined immediately by taking pictures using an Eclipse Ti-S microscope or preserved in 70% v/v glycerol (Fisher Scientific, NH, USA) at 4 °C.
Histology for MFC chondrogenesis. After 21 days of chondrogenic culture, pellets were removed from medium, fixed overnight in 10% v/v neutral buffered formalin at 4 °C, dehydrated by serially-dipping into ethanol baths of increasing concentration and embedded in paraffin wax. 5 µm thick sections were cut and stained with 0.01% (w/v) Safranin-O and counterstained with 0.02% (w/v) fast green (Sigma-Aldrich) to reveal proteoglycan matrix deposition as described previously 33 .
Biochemical analysis for MFC chondrogenesis. After 21 days of chondrogenic culture, pellets were rinsed in 500 µL of phosphate buffered saline (Sigma-Aldrich) to remove residual medium and were then digested in 250 µL of proteinase K (1 mg/mL in 50 mM Tris with 1 mM EDTA, 1 mM iodoacetamide, and 10 mg/mL pepstatin A; all from Sigma-Aldrich) overnight at 57 °C. The GAG content was measured spectrophotometrically after 1,9-dimethylmethylene blue binding using chondroitin sulfate as standard (Sigma-Aldrich) 61 . The DNA content was determined using the CyQuant cell proliferation assay Kit (Invitrogen, ON, Canada) with supplied bacteriophage λ DNA as standard.
Immunofluorescence for MFC chondrogenesis. 5 µm thick paraffin-embedded pellets were deparaffinized, rehydrated, and then treated with protease XXV (AP-9006-005, Thermo Scientific) and hyaluronidase (H6254, Sigma-Aldrich). Sections were then incubated with primary antibody: rabbit anti-collagen I (CL50111AP-1, Cedarlane, ON, Canada), mouse anti-collagen II (II-II6B3, Developmental Studies Hybridoma Bank, IA, USA) using a 1:200 dilution and rabbit anti-collagen X (58632, Abcam, UK) using 1:100 dilution at 4 °C overnight, followed by incubation with a goat anti-rabbit IgG (H&L Alexa Fluor 594, Abcam, UK) with a 1:200 dilution for collagen I, X and goat anti-mouse IgG (H&L Alexa Fluor 488, Abcam) with a 1:200 dilution for collagen II. Sections were then stained with DAPI (4′, 6-diamidino-2-phenylindole, Cedarlane) and mounted with Glycerol and PBS (1:1 ratio). Immunofluorescence was visualized by an Eclipse Ti-S microscope (Nikon Canada, Mississauga, Canada).
Gene expression analysis of MFC trilineage differentiation. Total RNA was extracted from cell suspensions for adipogenesis, osteogenesis, and monolayer controls as well as cell pellets after grinding with Molecular Grinding Resin (G-Biosciences, MO, USA) for chondrogenesis using Trizol (Life Technologies). To reduce changes of gene expression levels, cell suspensions and pellets were transferred into Trizol immediately when harvesting. Total RNA (100 ng) in a 40 µL reaction was reverse transcribed to cDNA by GoScript reverse transcriptase using 1 µg of oligo(Dt) primers (all from Promega Corporation, WI, USA). Reverse-transcription quantitative polymerase chain reaction was performed in a DNA Engine Opticon I Continuous Fluorescence Detection System (Bio-RAD, CA, USA) using hot start Taq and SYBR Green detection (Eurogentec North America Inc, San Diego, CA, USA). Primers sequences were obtained from previously published work and purchased from Invitrogen (Supplementary information - Table 1 ). mRNA expression levels for each primer set were normalized to the expression level of β-actin using the 2 
